r The muscarinic acetylcholine receptor (mAChR)-mediated increase in excitability in rat adrenal medullary cells is at least in part due to inhibition of TWIK (tandem of P domains in a weak inwardly rectifying K + channel)-related acid-sensitive K + (TASK)1 channels.
Introduction
Adrenal medullary (AM) cells are innervated by sympathetic preganglionic neurones, whose cell bodies are located in the intermediolateral column of the thoracic spinal cord. ACh released from the preganglionic nerve fibre has been shown to mediate neuronal transmission via not only nicotinic ACh receptors (nAChRs), but also muscarinic ACh receptors (mAChRs) in AM cells of cats (Montiel et al. 1995) and guinea-pigs (Inoue et al. 2012 (Inoue et al. , 2017 . We have reported that the mAChR-mediated increase in excitability in rat (Inoue et al. 2008 ) and guinea-pig (Inoue et al. 2012) AM cells is at least in part due to inhibition of TWIK-related acid-sensitive K + (TASK)1 channels, one of the two-pore-domain K + channels that contribute to the resting membrane potential (Enyedi & Czirják, 2010; Feliciangeli et al. 2015) . This muscarinic excitation in mouse AM cells was abolished by the genetic ablation of M 1 receptor (M 1 R) (Harada et al. 2015) , and the muscarinic inhibition of TASK1 channels in rat and mouse AM cells was suppressed by MT7 (Harada et al. 2015) , a specific M 1 R antagonist (Servent & Fruchart-Gailard, 2009 ). These results indicate that M 1 R activation results in suppression of TASK1 channels in AM cells.
Activation of receptors coupled with pertussis toxin (PTX)-insensitive G proteins, such as M 1 R, in brain neurones and endocrine cells (Bayliss & Barrett, 2008; Enyedi & Czirják, 2010 ) is known to induce an inhibition of the TASK subfamily channels including TASK1 and TASK3. Several molecular mechanisms for the receptormediated inhibition of TASK channels have been proposed: one is binding of α q/11 proteins to channels (Chen et al. 2006) ; another is the binding by diacylglycerol (DAG) (Wilke et al. 2014; Bista et al. 2015) , resulting from phosphatidylinositol (4,5)-disphosphate hydrolysis by phospholipase C (PLC). However, whether these mechanisms will explain all the inhibition of TASK channels mediated by G protein-coupled receptors (GPCRs) still needs to be explored. For example, the extent of suppression of TASK family channels can differ; TASK1 channels heterologously expressed in oocytes were suppressed by 75% by angiotensin II, whereas TASK3 activity was only suppressed by 24% (Crirják & Enyedi, 2002) .
In oocytes and human embryonic kidney (HEK) 293 cells exogenously expressing M 1 R and the voltagegated K + channel Kv1.2, a muscarinic agonist induced suppression of the K + channel via tyrosine phosphorylation of channels (Huang et al. 1993; Nesti et al. 2004) . It was presumed that this phosphorylation was mediated by the tyrosine kinase Pyk2, which was downstream of M 1 R (Felscht et al. 1998) . Furthermore, there is convincing evidence that the M 1 R-mediated inhibition of Kv1.2 channels was due to endocytosis (Nesti et al. 2004) . These experiments with M 1 R were performed in heterologous expression systems, and thus the physiological implication of such a receptor-mediated channel regulation remains an open question. We have recently elucidated that TASK1 channels in the rat AM cell and its immortalized cell line, PC12 cells, are internalized in response to activation of tropomyosin receptor kinase A (TrkA) by nerve growth factor (NGF) (Matsuoka et al. 2013 ) and phosphorylation of tyrosine at 370 (Y370) in the C-terminus of TASK1 by Src, a non-receptor tyrosine kinase, is indispensable for TrkA-mediated endocytosis . The aim of the present study is to determine whether or not mAChR stimulation induces the endocytosis of TASK1 channels in rat AM cells. If it does, which pathways are involved and, finally, which kinase mediates phosphorylation of TASK1 channels will be addressed.
Methods
Male Wistar rats (250-400 g), male C57BL/6 mice (30 g), and male TASK1 knockout (KO) mice (30 g) were used in the experiments. The TASK1 KO mice has been described in detail elsewhere (Aller et al. 2005) . Briefly the first coding exon of the TASK1 gene is disrupted and no mutant allele is transcribed. All procedures for the care and treatment of animals were carried out according to the Japanese Act on the Welfare and Management of Animals and the Guidelines for the Proper Conduct of Animal experiments issued by the Science Council of Japan. The experimental protocols were approved by the Institutional Animal Care and Use Committee of the University of Occupational and Environmental Health (AE07-012 and AE10-010) and comply with the principles outlined in UK legislation on animal studies. All efforts were made to minimize suffering and to reduce the number of animals used in this study.
Immunocytochemistry
Dissociation and immunostaining of rat or mouse AM cells were carried out, as described elsewhere (Inoue et al. 2000; Harada et al. 2015) . Briefly, rats were killed by cervical dislocation and the adrenal glands were taken out. The adrenal cortex was removed from the adrenal gland with microscissors and forceps, and then adrenal medullae were treated with collagenase in a Ca 2+ -free balanced salt (Ca 2+ -free) solution for 30 min. The Ca 2+ -free solution contained 137 mM NaCl, 5.4 mM KCl, 0.5 mM MgCl 2 , 0.53 mM NaHPO 4 , 5 mM D-glucose, and 5 mM Hepes, and the pH of the solution was adjusted to 7.4 with 4 mM NaOH. After enzyme digestion, AM cells were mechanically dissociated in a glass-bottomed dish with fine needles. The dissociated AM cells were left for 30 min to settle on the glass in the Ca 2+ -free solution. The cells were treated with chemicals for various times under Ca 2+ -free conditions, and then fixed with 4% paraformaldehyde (PFA). The cells were incubated with a goat anti-TASK1 antibody (Ab) (sc-11309: Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-α-adaptin 1/2 Ab (sc-32284: Santa Cruz Biotechnology), or goat anti-early endosome antigen 1 (EEA1) Ab (sc-6414: Santa Cruz Biotechnology), and then secondary Ab conjugated with Alexa 488 or Alexa 546 (Molecular Probes: Thermo Fisher Scientific, Waltham, MA, USA). The immunostaining was observed with a confocal laser scanning microscope (LSM5Pascal: Carl Zeiss, Tokyo, Japan). Excitation wavelength and emission filters were a 488 nm laser and 510-560 nm filter for Alexa 488 (FITC-like fluorescence) and a 543 nm laser and 560 nm longpass filter for Alexa 546 (rhodamine-like fluorescence). The amounts of TASK1-like immunoreactive (IR) material at the cell periphery and in the cytoplasm were measured separately using Metamorph software (Molecular Device, Tokyo, Japan). The cell periphery was defined as an area of 1 μm width at the outermost end of a cell (Fig. 1A) , which was determined based on a differential interference contrast image. The cytoplasmic staining was the signal in the cell within the inner boundary of the peripheral staining. The absolute intensities were integrated over the areas. The extent of endocytosis in response to a muscarinic agonist was expressed as a fraction of fluorescence at the cell periphery in the total amount of cellular fluorescence. The area of co-localization was defined to be the pixels with both signals above threshold, which was usually set at the intensity in the nucleus.
Proximity ligation assay (PLA)
AM cells were stimulated for a certain time and then fixed in 4% PFA. Thereafter the cells were treated with a goat or rabbit anti-TASK1 Ab (sc-28635: Santa Cruz Biotechnology) and mouse anti-Src Ab (sc-8056: Santa Cruz Biotechnology) or mouse anti-adaptin Ab. The interaction between TASK1 and Src or adaptin was detected with the Duolink in Situ kit (Olink Bioscience, Uppsala, Sweden) used according to the manufacturer's instructions. The PLA reactions occur between the target proteins that are located in close proximity (<40 nm) (Söderberg et al. 2006) . The fluorescence signals were examined using a confocal laser scanning microscope.
Immunoblot and immunoprecipitation analyses
PC12 cells were seeded in 100 mm dishes and cultured to 70-80% confluence in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, as described previously (Matsuoka et al. 2013) . The cells were transfected with GFP-TASK1 plasmid and then serum-starved for 12 h before the experiment (Matsuoka et al. 2013 ). The cells with or without 30 μM muscarine stimulation were washed with ice-cold phosphate buffer saline (PBS) and lysed with ice-cold TNE buffer (10 mM Tris-HCl (pH 7.4), 1 mM EDTA, and 150 mM NaCl), to which 1% Nonidet P-40, 1 mM Na 3 VO 4 , and a protease inhibitor cocktail (Calbiochem: Merk, Tokyo, Japan) were added, and then subjected to centrifugation at 12,000 g for 30 min at 4°C. The supernatant was added to an equal volume of SDS buffer (250 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol), and then subjected to sonification. After the addition of 2-mercaptoethanol (final content, 5% (v/v)) and Bromophenol Blue (final content, 0.05% (w/v)), the same amount of total proteins (ca 6 μg) was fractionated by SDS-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane, and then subjected to immunoblot analysis, as described elsewhere . For the immunoprecipitation assay, cell lysates were incubated with anti-GFP Ab coupled with protein GSepharose (GE Healthcare Bio-Sciences, Tokyo, Japan) at 4°C for 3 h. The washed beads were subjected to immunoblot analysis with mouse anti-phosphotyrosine (4G10: Merck Millipore, Darmstadt, Germany) and mouse anti-GFP Abs (sc-9996: Santa Cruz Biotechnology).
Electrophysiology
The whole-cell current was recorded in an isolated rat AM cell using the perforated patch clamp technique, as described elsewhere (Inoue & Imanaga 1995; Inoue et al. 2008) . Briefly, one piece of adrenal medulla preparation digested with collagenase was placed in a bath set on the stage of an inverted microscope, and AM cells were dissociated mechanically with needles. The pipette solution contained 120 mM potassium isethionate, 20 mM KCl, 10 mM NaCl, 10 mM Hepes, and 2.6 mM KOH (pH 7.2). Just before the experiment, nystatin dissolved in dimethyl sulfoxide (5 mg in 100 μl) was added to the pipette solution at a final concentration of 100 μg ml −1 . The current was recorded with a patch clamp amplifier (Axopatch 200A: Axon Instruments, Foster City, CA, USA) and then fed into a thermal recorder (WR3220A-2HD: Graphtec, Yokohama, Japan) after low-pass filtering at 10 Hz and into a digital audiotape (DAT) recorder (RD-120TE: TEAC, Tama, Japan). All chemicals were bath applied. The membrane potential was corrected for a liquid junction potential of −3 mV between the pipette solution and saline.
Statistics
The data were presented as means ± SEM. Statistical comparisons were performed using Student's t test: a difference was considered significant when the P value was <0.05 and was indicated by asterisks:
* P < 0.05, * * P < 0.01.
Source of chemicals
Muscarine chloride, pilocarpine hydrochloride, oxotremorine sesquifumarate salt, chlorpromazine hydrochloride, amiloride hydrochloride, 4α-phorbol 12,13-didecanoate, and dynasore were obtained from Sigma-Aldrich (Tokyo, Japan); Src kinase inhibitor I, and phorobol-12-myristate-13-acetate were from Santa Cruz Biotechnology; U71322, U73342, myristoylated PKCα/β pseudosubstrate, myristolyated PKCζ/ι pseudosubstrate, and LY-294002 were from Merck (Tokyo, Japan); MT3, MT7, and angiotensin II were from Peptide Institute (Osaka, Japan).
Results

Specificity of anti-TASK1 anitbodies
The specificity of goat or rabbit anti-TASK1 Abs was explored in two ways. Firstly, immunostaining of isolated AM cells of wild-type mice with the goat anti-TASK1 Ab was compared with that in AM cells of TASK1 KO mice. As shown in Fig. 1A and B, the deletion of TASK1 gene abolished TASK1-like immunoreactivity in AM cells. In contrast to the goat Ab, the rabbit anti-TASK1 Ab turned out to be non-specific in mouse AM cells (not shown). Secondly, PC12 cells that were transfected with GFP-TASK1 construct were immunolabelled with Abs (Fig. 1C) . TASK1-like IR material produced by the goat Ab coincided well with GFP in GFP-TASK1 expressing cells, whereas the part of TASK1-like IR material produced by the rabbit Ab lacked GFP in the cells. These positive and negative results clearly indicated that the goat anti-TASK1 Ab immunocytochemically recognizes TASK1, whereas the rabbit Ab recognized not only TASK1, but also unknown antigens. Therefore, the goat anti-TASK1 Ab was mainly used and the rabbit Ab was used only in part of the PLA.
Immunocytochemical analysis of endocytosis
Immunocytochemical analysis revealed that 90% or more of TASK1 channels in isolated rat AM cells were localized at the cell periphery, as reported previously (Matsuoka et al. 2013) . TASK1 channels were translocated from the peripheral compartment to the interior upon 0.5 min application of 30 μM muscarine ( Fig. 2A) . The extent of translocation further increased with 10 min stimulation, until the majority (90%) of the channels were in the cytoplasmic compartment. However, after 30 min of muscarine exposure about 40% of the TASK1 channels were present at the cell periphery, presumably due to receptor desensitization ( Fig. 2A) . Activation of angiotensin II receptor type 1 (AT 1 R) (Teschemacher & Seward, 2000) , which is coupled with a PTX-insensitive G protein (De Gasparo et al. 2000) , also resulted in a rapid internalization of TASK1 channels (Fig. 2B) . In contrast to the muscarinic receptor, however, the extent of translocation was diminished with 2 min stimulation, and TASK1 channels failed to be internalized in response to 5 min stimulation (Fig. 2B ). These results indicated that the muscarinic receptor is more resistant to desensitization, compared with AT 1 R.
Recycling of TASK1 channels to the plasma membrane after washout of the agonist was next examined. About 80% of channels internalized by muscarinic stimulation for 0.5 min were recycled back to the cell periphery 0.5 min after the washout and this recycling was completed at 1 min ( Fig. 2C) . These results are consistent with the finding that TASK1 channel activity was rapidly restored after the termination of muscarinic stimulation. In contrast to a short stimulation, TASK1 channels internalized by 10 min stimulation were not translocated to the cell periphery at 10 min after the washout, and only 20% of the internalized channels were recycled back to the cell periphery at 20 min (Fig. 2D ).
mAChR subtype involved in endocytosis
To determine the mAChR subtypes involved in the endocytosis, the efficacies of oxotremorine and pilocarpine were compared with that of muscarine. Exposure to 1 μM muscarine for 1 min resulted in no change in TASK1 channel distribution, and application of muscarine at 10 or 30 μM resulted in an increase in translocation from the cell periphery to inside the cell in a concentration-dependent manner ( Fig. 3A and B) . In contrast to muscarine, oxotremorine and pilocarpine had partial and little agonistic activity in eliciting translocation, respectively. The extent of endocytosis in response to 30 μM oxotremorine was about 20% of that in response to 30 μM muscarine, and 30 μM pilocarpine almost failed to induce endocytosis ( Fig. 3A and B ). These differences in efficacy among the agonists and the dose dependence of muscarine in eliciting endocytosis were reminiscent of those for the muscarinic inhibition of TASK channel activity in rat AM cells (Inoue et al. 2008; Harada et al. 2011) . As shown in Fig. 3C , the muscarine-induced endocytosis of TASK1 channels was completely suppressed by 10 nM MT7, a muscarinic toxin which is 100-fold more potent against the M 1 R than the other four mAChRs (Servent & Fruchart-Gaillard, 2009 ). Compared with MT7, 100 nM MT3, a selective M 4 R antagonist (Servent & Fruchart-Gaillard, 2009 ), induced a minimal inhibition of endocytosis in response to muscarine. Based on the results obtained with muscarinic agonists and antagonists, we concluded that the M 1 R is involved in muscarine-induced endocytosis of TASK1 channels. 
Clathrin-dependent endocytosis
NGF induced the endocytosis of TASK1 channels in a clathrin-dependent manner in rat AM cells and PC12 cells (Matsuoka et al. 2013; . Thus, whether or not a similar clathrin-dependent process was involved in muscarine-induced endocytosis was pharmacologically examined. The muscarine-induced endocytosis was completely suppressed by 50 μM chlorpromazine, an inhibitor of clathrin-dependent endocytosis (Ivanov, 2008) , whereas it was slightly inhibited by 10 μM amiloride, an inhibitor of micropinocytosis (Ivanov, 2008) (Fig. 4A and B) . Furthermore, exposure to muscarine for 1 min resulted in an increase in co-localization of TASK1 channels with adaptin, which is an adaptor protein for clathrin (Traub, 2003) (Fig. 5A  and B) . This co-localization was further explored by PLA. As shown in Fig. 5C and D, the PLA reaction between TASK1 and adaptin developed at the cell periphery with muscarinic stimulation for 0.5 min, but not without it.
The extent of such co-localizations of TASK1 and adaptin was diminished with 30 min stimulation ( Fig. 5A and B) . The results suggested that muscarine-induced endocytosis occurred in a clathrin-dependent manner and the clathrin triskelion was removed from channel-containing vesicles, and subsequently the vesicles were trafficked to early endosomes. This trafficking was immunocytochemically examined by an antibody against EEA1, a marker protein of early endosomes (Li et al. 2013) . Application of muscarine for 5 min induced co-localization of TASK1 channels with EEA1, but the extent of this co-localization was significantly diminished with 30 min stimulation, suggesting trafficking from early endosomes to recycling/late endosomes ( Fig. 5E and F) (Lindmo & Stenmark, 2006) .
Involvement of PLC-PKC pathway
The muscarinic M 1 R signal can be transmitted either to PLC via α q/11 subunits (Neer, 1995) or phosphatidylinositol (PI) 3-kinase via βγ subunits (Brock et al. 2003; Guillermet-Guibert et al. 2008; Thorpe et al. 2015) , or both. Thus, the signalling pathways downstream of PTX-insensitive G proteins were pharmacologically explored. As clearly shown in Fig. 6 , muscarine failed to elicit TASK1 endocytosis in the presence of 5 μM U73122, a PLC inhibitor (Bleasdale et al. 1990) , whereas U73343, an inactive derivative (Bleasdale et al. 1990 ), had no effect on muscarine-induced endocytosis. On the other hand, treatment with 50 μM LY294002 or 0.1 μM wortmannin, PI 3-kinase inhibitors (Lindmo & Sternmark, 2006) , produced slight suppression of endocytosis in response to muscarine. These results indicated that PLC is mainly responsible for the muscarine-induced endocytosis. Activation of PLC results in production of the second messengers diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP 3 ). DAG activates protein kinase Cs (PKCs), particularly conventional (cPKC) and atypical (aPKC) isoforms (Steinberg, 2008 response to GPCR stimulation. Therefore, the involvement of PKC was examined with an activator and an inhibitor of PKC. Exposure to phorbol-12-myristate-13-acetate (PMA), but not the inactive phorbol ester 4α-phorbol 12,13-didecanoate, resulted in endocytosis of TASK1 channels in a time-dependent manner ( Fig. 7A and B) . This PMA-induced endocytosis was markedly diminished in the presence of 50 μM PKCα/β pseudosubstrate (myr-PKCα/β). Furthermore, muscarine failed to induce endocytosis of TASK1 channels in the presence of an inhibitor of PKCα/β, but not of PKCι/ζ (Fig. 6C  and D) . These pharmacological studies indicated that the activation of M 1 R induces TASK1 endocytosis via a PLC-PKC signalling pathway.
Involvement of Src
Exposure to NGF resulted in endocytosis of TASK1 channels via a PKC-Pyk2-Src pathway . Thus, the involvement of this signalling pathway in the muscarinic response was next explored. As was noted for NGF-induced endocytosis, 30 μM muscarine failed to induce TASK1 endocytosis in the presence of 10 μM Src inhibitor I (Fig. 8A and B) . This result suggested that M 1 R stimulation results in the endocytosis via Src, which was shown to act on the tyrosine residue at 370 (TASK1(Y370)) . If tyrosine phosphorylation is involved in muscarine-induced endocytosis, Src should be physically associated with the channel. This notion was elucidated with PLA. As shown in Fig. 8C and D, PLA reaction between TASK1 and Src occurred at the cell periphery upon application of 30 μM muscarine. The amount of PLA product was maximal with 0.5 min stimulation, and then rapidly decreased with further stimulation. The extent of PLA reaction in response to 1 min and 5 min stimulations was reduced to half and one-tenth, respectively, of that with 0.5 min stimulation. Next, whether or not TASK1 channels were tyrosine phosphorylated in response to muscarine was biochemically examined in PC12 cells where GFP-TASK1 channels were transiently expressed. The PLA reaction between GFP-TASK1 and Src occurred upon 0.5 min application of muscarine (Fig. 8E) , as was noted in AM cells. This reaction again occurred at the cell periphery, while the majority of GFP-TASK1 channels were translocated inside. As happened in AM cells, PLA reaction was markedly diminished with 10 min stimulation.
Consistent with the physical association of TASK1 with Src, tyrosine phosphorylation in TASK1 channels was markedly increased in cells treated with muscarine for 0.5 min (Fig. 8F ). This tyrosine phosphorylation was not detected in the cells stimulated for 10 min. The results suggested that tyrosine phosphorylation by Src occurred at the plasma membrane and the channels were rapidly dephosphorylated once internalized. These pharmacological and biochemical findings indicated that Src plays an essential role for M 1 R-mediated endocytosis of TASK1, which may be responsible for the inhibition of TASK1 channel activity in response to muscarine. This notion was further examined in the experiments shown in Fig. 9 . The PLA reaction between the channel and Src did not develop in response to 1 μM muscarine but did with 10 μM and more muscarine in a concentration-dependent manner. In contrast to muscarine, oxotremorine was a partial agonist for stimulating Src; the efficacy of 30 μM oxotremorine was a quarter of that of 30 μM muscarine, whereas pilocarpine produced no visible response. These differences in efficacy and dose dependence among the muscarinic agonists for the PLA reaction were similar to those observed for the M 1 R-mediated endocytosis (Fig. 3 ) and channel inhibition (Inoue et al. 2008; Harada et al. 2011 ) of TASK1 channels.
Functional analysis
The results heretofore mentioned suggested that endocytosis of TASK1 is responsible for inhibition of TASK channel activity in response to M 1 R stimulation. To gain further evidence for this notion, the effects of dynasore, an inhibitor of dynamin (McCluskey et al. 2013) , on muscarine-induced current were examined under voltage-clamp conditions. Exposure to 30 μM muscarine and pH 6.4 resulted in development of inward currents at the holding potential of −50 mV in 64% and 91%
of isolated rat 11 AM cells, respectively. In 6 AM cells responding to both, 60 μM dynasore was bath applied with no change in whole-cell current level. In the presence of dynasore an inward current developed in response to pH 6.4, but not to muscarine (Fig. 10A) . The amplitudes of muscarine-and pH 6.4-induced currents about 5 min after application of dynasore were 0% and 84 ± 31% (n = 6), respectively, of those before. Next, whether or not 5 min treatment with dynasore abolishes endocytosis of TASK1 in response to muscarine was immunocytochemically explored. As expected, muscarine failed to induce endocytosis of the channels in the presence of dynasore ( Fig. 10B and C) . Since dynamin plays the major role for clathrin-dependent endocytosis (Cocucci et al. 2014) , the findings that dynasore suppressed both inward currents and TASK1 endocytosis in response to muscarine supported the notion that muscarinic inhibition of TASK channel activity is due to endocytosis of TASK1.
Finally the involvement of Src in muscarine-induced inward currents was examined (Fig. 10D) . Application of 5 μM Src inhibitor I resulted in a progressive diminution of the cellular response to muscarine. The muscarinic agonist failed to induce an inward current in 5-11 min of Src inhibitor I application (n = 4), whereas pH6.4-induced currents were not affected by Src inhibitor I (amplitude of pH 6.4-induced currents in Src inhibitor I, 108 ± 29% of control, n = 4).
Discussion
Our results demonstrate that the reduction in TASK1 currents in rat AM cells by activation of muscarinic receptors is the result of internalization of channels in a clathrin-dependent manner. The muscarinic receptor involved appears to be the M 1 R. Pharmacological studies indicate that the next step is activation of PLC, followed D, summary of the amount of fluorescence for PLA reaction between TASK1 channel and Src kinase in 5 AM cells stimulated by muscarine for the indicated times. E, PLA for the interaction between GFP-TASK1 channel and Src kinase in PC12 that were not stimulated (0) or stimulated by 30 μM muscarine for the indicated times. The upper and lower rows represent confocal images of PLA reaction and GFP fluorescence, respectively. PLA reaction and GFP-TASK1 were visible as rhodamine-and FITC-like fluorescence, respectively. The bars represent 5 μm. F, immunoblot analysis for tyrosine phosphorylation in GFP-TASK1 channels in PC12 cells in response to muscarine. The cells exogenously expressing GFP-TASK1 were not stimulated (0) or stimulated by 30 μM muscarine for the indicated times. The lysates were prepared and subjected to immunoprecipitation (IP) with anti-GFP Ab and then immunoblot (IB) assays for tyrosine phosphorylation and GFP. GFP-TASK1 and its tyrosine phosphorylation in immunoprecipitates were detected by anti-GFP and anti-phosphorylated tyrosine (4G10) Abs.
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by activation of PKCα/β. Immunocytochemical and electrophysiological results indicate that the tyrosine kinase Src associates with the TASK1 channel at the cell membrane, while inhibitors of Src activity greatly reduce both TASK1 internalization and channel activity inhibition by muscarine. Two additional aspects of the muscarinic inhibition are of interest. The first is that the response is maintained for 10 min, suggesting that receptor desensitization is small. The second is that prolonged muscarinic stimulation results in trafficking of the internalized channels to endosomes. The internalization induced by a brief (30 s) application of muscarine is rapidly and completely reversed upon washout of the agonist, while after a 10 min exposure the recovery is very slow and limited in extent.
Signal transduction and channel internalization
The signal pathway between muscarinic receptor activation and internalization of rat TASK1 channels shown by the present results differs from our studies of TrkA activation. TrkA activation induces the endocytosis of rat TASK1 channels via both PLC and PI 3-kinase pathways, which may converge on PKCα/β, and phosphorylation of TASK1(Y370) by Src plays the essential role for the endocytosis .
Class I PI 3-kinases, which are downstream of receptor tyrosine kinases (RTKs; for example, TrkA) and/or GPCRs, consist of catalytic (p110α, p110β, p110γ, and p110δ) and regulatory subunits: the PI 3-kinase with p110α or p110δ is activated by RTKs, the p110γ isoform is activated by GPCRs, and the p110β isoform is activated by both RTKs and GPCRs (Guillermet-Guibert et al. 2008; Thorpe et al. 2015) . Thus, GPCR could be coupled with PI 3-kinases via βγ subunits (Vadas et al. 2013) . In fact, application of ACh in rabbit portal vein myocytes has been suggested to enhance L-type Ca 2+ channel activity via M 2 R, whose signal may be transmitted in sequence to βγ subunits, PI 3-kinase, PKC, and then Src (Callaghan et al. 2004) . Thus, we initially thought that M 1 R signal might be transmitted to TASK1 channels via both PLC and PI 3-kinase pathways, which are mediated by α q/11 and βγ subunits, respectively. However, it turned out that the PLC pathway is the major pathway involved in the endocytosis of TASK1 in response to muscarine. The muscarine-induced endocytosis was almost completely suppressed by a PLC inhibitor, but minimally by PI 3-kinase inhibitors, which differs from the suppression of NGF-induced endocytosis .
The inhibition of TASK channels by GPCR stimulation has been reported in various types of cells including brain neurones (Bayliss & Barrett, 2008; Enyedi & Czirják, 2010). In contrast to the present results emphasizing the role of channel internalization, binding of either α q/11 subunits (Chen et al. 2006) or DAG to channels (Wilke et al. 2014) has been proposed for the molecular mechanisms for GPCR-mediated inhibition of TASK1 and TASK3 channels (Vu et al. 2015 ). An important difference between TASK1 and TASK3 channels is the role of endocytosis in functional regulation. A short exposure of PC12 cells to NGF (Matsuoka et al. 2013) or muscarine (unpublished observations by H. Matsuoka) did not result in endocytosis of endogenous TASK3 channels or exogenously expressed GFP-TASK3. This failure of receptor stimulation to internalize the TASK3 channel could be ascribed to the lack of a dileucine motif and a putative tyrosine phosphorylation site in its C-terminus. Based on findings obtained with molecular biological methods and pharmacological tools, PKC stimulation is concluded to activate Src via Pyk2 with the consequent phosphorylation of TASK1(Y370) in PC12 cells . This PKC-Pyk2-Src pathway would also be responsible for tyrosine phosphorylation of TASK1 channels and the subsequent endocytosis in response to muscarine in AM cells. This mechanism of channel inhibition differs from that of GPCR-mediated inhibition of TWIK-related K + (TREK) 1 channels, another type of two-pore domain K + channels. PKC-mediated phosphorylation of a serine residue in the C-terminus of TREK1 leads to suppression of channel activity with no change in surface channel (Murbartián et al. 2005) .
TASK1 channels did not remain tyrosine phosphorylated during 10 min of muscarine stimulation, although they continued to be internalized. This unexpected finding 
endocytosis in channel inhibition
A, dynasore abolishes muscarine-induced current with no effect on pH 6.4-induced current. The whole-cell current of a rat AM cell was recorded at the holding potential of −50 mV with the perforated patch clamp technique. 30 μM muscarine (Mus) or pH 6.4 solution was bath applied during the indicated periods (bars) in the absence or presence of 60 μM dynasore (dashed line). The record was interrupted for the indicated time. The arrow indicates zero current level. B, immunocytochemical analysis of the effects of dyansore on translocation of TASK1-like IR material in response to muscarine. Upper and lower rows represent confocal images of TASK1-like IR material and merge of DIC and fluorescence images in isolated rat AM cells, respectively. Cells were treated with muscarine for 1 min in the absence of (Mus) or presence of dynasore (Dynasore/Mus), or with dynasore alone. In the cases of Dynasore/Mus and Dynasore the cells were pretreated with dynasore for 5 min before test. CON, cells without any treatment. C, fractions of TASK1-like IR material at the cell periphery in the total in the cells with or without the indicated treatment (n = 10 for each). D, Mus fails to induce an inward current in the presence of 5 μM Src inhibitor I. Mus, pH 6.4 solution and Src inhibitor I were applied during the indicated periods. Records were interrupted for the indicated periods. The arrow indicates zero current level. J Physiol 595.22 could be explained as follows: Src becomes associated with the channel in the plasma membrane upon M 1 R stimulation, and once the TASK1 channel is internalized, Src is released from the channel. This notion was supported by the results showing that, with muscarine stimulation for 0.5 min, PLA products between Src and TASK1 were conspicuously located at the periphery, but not inside the cell, and their amounts quickly diminished with further stimulation. The phosphorylated channel in the endosome might have been subjected to constitutively active tyrosine phosphatase (Fan et al. 2015) . Based on this hypothesis, it would be rational to propose that internalized TASK1 channels are dephosphorylated and at the same time channel-containing vesicles are rapidly uncoated of clathrin triskelions and trafficked to early endosomes. What is intriguing with such internalized TASK1 channels is that the channels are rapidly recycled back to the plasma membrane after 0.5 min stimulation, but their recycling is markedly delayed after 10 min stimulation. This difference may be ascribed to the different organelles where the channels reside. Taken together with dephosphorylation of internalized TASK1 channels, this suggests that the fact of a long M 1 R stimulation is not memorized in the form of phosphorylation of the channel, but in the organelle where the channel is localized.
We have proposed that phosphorylation of Y370 in the C-terminus of the channel induces a conformational change in the C-terminus, which results in exposure of a dileucine motif adjacent to the 4th transmembrane domain . This conformational change enables binding of AP-2, an adaptor protein of clathrin, to the dileucine motif. In fact, the PLA reaction between TASK1 and adaptin occurred at the cell periphery upon muscarinic stimulation. This putative mechanism may operate in other channels as well. Kv1.2 channels, delayed rectifier K + channels, which were exogenously expressed in HEK293 cells, were tyrosine phosphorylated and internalized in response to M 1 R stimulation. The tyrosine phosphorylation site was identified to be Y130 in the long cytoplasmic N-terminus. Although how this tyrosine phosphorylation triggers clathrin-dependent endocytosis of Kv1.2 still remains unsettled, there is a possibility that the phosphorylation in the N-terminus results in exposure of a di-hydrophobic motif (D/E/RXXX where X represents any amino acids and represents bulky hydrophobic amino acids; Mason et al. 2008 ) that is located 8 amino acids upstream of the 1st transmembrane domain.
Physiological implications
The finding that internalized TASK1 channels were rapidly translocated to the cell periphery after M 1 R stimulation for 0.5 min is compatible with the notion that endocytosis is at least in part responsible for the muscarinic inhibition of TASK1. This M 1 R-mediated endocytosis of channels did not show any desensitization during 10 min stimulation and two-thirds of the channels remained internalized even with 30 min stimulation. This remarkable resistance of M 1 R to desensitization contrasts with AT 1 R, whose stimulation was significantly diminished in 2 min and abolished in 5 min. This property of M 1 R-mediated signal transmission would allow the receptor to transfer effectively sympathetic neuronal information under chronic stress conditions. In fact, an increase in excitability evoked by long application of ACh to sympathetic ganglion neurones has been shown to be mainly mediated by mAChRs, but not nAChRs (A. M. Brown, 1967; D. A. Brown, 2013) . A further study with knockout mice of mAChRs would be valuable to elucidate the physiological role for M 1 R-mediated transmission in AM cells under chronic stress conditions.
The M 1 R is predominantly expressed in the brain (Levey et al. 1991) and involved in memory and cognition (Digby et al. 2012; Ragozzino et al. 2012) . A deficit in muscarinic signalling is thought to contribute to pathogenesis of Alzheimer's disease (Fisher, 2012) . In the hippocampus, the M 1 R plays a major role in the formation of spacial memory (Herrera-Morales et al. 2007) , in which long term potentiation (LTP) of synaptic transmission is thought to represent one of the cellular mechanisms. LTP in the hippocampal slice has been shown to be evoked by application of M 1 R agonists as well as an electrical tetanic stimulation (Dennis et al. 2016) . M 1 R agonists and electrical stimulation were mutually occlusive in inducing the LTP of AMPA receptor-mediated synaptic transmission in CA1 pyramidal neurones. The cellular mechanism for LTP in the hippocampus in response to M 1 R stimulation is at least in part due to the functional suppression of SK2 channels, an isoform of small conductance Ca 2+ -dependent K + channels (Buchanan et al. 2010; Giessel & Sabatini, 2010) . The phosphorylation of SK2 channels is a prerequisite for the functional suppression, but a complete understanding will require further studies (Maylie & Adelman, 2010) . A decrease in activity of SK2 channel in dendritic spines results in an increase in membrane resistance, which leads to facilitation of postsynaptic potential propagation. It is intriguing that a di-hydrophobic motif, which has been identified in Kir2.3 channels and demonstrated to be capable of binding to AP-2 (Mason et al. 2008) , is adjacent to the 6th transmembrane domain in the rat SK2 channel. This sequence and location roughly resemble the dileucine motif present in the TASK1 channel. What is more interesting in the case of the SK2 channel is that phosphorylation of serine residues in the distal tail was somehow involved in channel endocytosis in response to electrical stimulation, although the kinase involved was suggested to be protein kinase A (PKA), rather than a tyrosine kinase (Lin et al. 2008) . Therefore, it is possible that phosphorylation of serine residues in the distal C-terminus of SK2 mediated by PKA (Ren et al. 2006) or other serine/threonine protein kinases, such as PKC (Buchanan et al. 2010) , results in a change in conformation, thereby facilitating AP-2 binding, as has been proposed for the endocytosis of TASK1 channels. If this is the case, the present finding that prolonged stimulation of M 1 Rs may be memorized in the form of intracellular organelles, but not phosphorylation of the channel itself suggests that a similar mechanism may operate for memory consolidation in the central nervous system.
